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(57) ABSTRACT 

A current-limited switch contains a pilot circuit in parallel 
with a power MOSFET and a reference circuit containing a 
series of parallel circuits, each of which contains a current 
mirror MOSFET in parallel with a resistor. A current mirror 
compensation circuit contains circuitry which shorts out the 
parallel circuits in sequence as the current through the power 
MOSFET increases, thereby limiting the siZe of the current 
through the power MOSFET. In a preferred embodiment a 
body control circuit is connected to the power MOSFET to 
ensure that the body diode in the power MOSFET does not 
become forward-biased and thereby permit a ?ow of current 
through the power MOSFET even when it is turned off. 

28 Claims, 12 Drawing Sheets 
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CURRENT-LIMITED SWITCH WITH FAST 
TRANSIENT RESPONSE 

This is a continuation-in-part of application Ser. No. 
09/705,053, ?led Nov. 1, 2000, US. Pat. No. 6,320,365 
Which is a continuation of application Ser. No. 09/502,723, 
?led Feb. 12, 2000, US. Pat. No. 6,166,530 and is incor 
porated by reference herein in its entirety. 

FIELD OF THE INVENTION 

This invention relates to poWer MOSFET sWitches and in 
particular to a poWer MOSFET sWitch that has the capability 
of limiting the current that passes through the sWitch When 
the load becomes short-circuited. 

BACKGROUND OF THE INVENTION 

PoWer MOSFETs are Widely used as sWitches in a variety 
of applications, including laptop computers, cellular phones 
and the like. Many of these products have internal circuit 
elements that are very sensitive to overcurrent conditions. If 
one element in the circuit becomes short-circuited, the 
resulting increase in current through the circuit may damage 
or destroy remaining elements in the circuit. For example, in 
a computer Universal Serial Bus (USB) application, there is 
a risk that if the user short-circuits the USB port the 
short-circuit Will propagate back through the computer and 
damage other systems Within the computer. It is therefore 
desirable to provide the MOSFET sWitch With a current 
limiting capability that senses an overcurrent condition and 
closes the sWitch suf?ciently that the current does not reach 
levels that Will damage any of the internal components of the 
product. 

Ideally, a MOSFET sWitch Would have a very loW 
on-resistance and Would respond very quickly to an over 
current condition by limiting the short-circuit current to a 
predetermined level. Such a sWitch Would be highly efficient 
as a poWer supply and Would protect upstream systems from 
short-circuit damage. The response time is particularly 
important because the longer the circuit is exposed to the 
overcurrent condition, the greater the likelihood of damage. 
The systems to be protected must inevitably be overdesigned 
to some extent to Withstand the current pulse that occurs 
before the current-limiting circuitry is able to operate, and 
this leads to extra cost and Weight. A fast response time in 
effect minimiZes the amount of overdesign necessary. 

In many current-detection circuits a “pilot” circuit is 
connected in parallel With the circuit to be monitored, and 
the current through the pilot circuit is detected. Such a prior 
art circuit is shoWn in FIG. 1. The current through poWer 
MOSFET 10 (Iout) is mirrored by the current through pilot 
MOSFET 18. A pilot resistor 26 is connected in the pilot 
circuit. The gate Width of poWer MOSFET 10 is much larger 
than the gate Width of pilot MOSFET 18, the ratio of the gate 
Widths being de?ned as “m” or as the scaling factor “SF” 
(m=SF). For example, if m=100, the impedance of MOSFET 
18 is 100 times the impedance of MOSFET 10, and the 
current through poWer MOSFET 10 should be 100 times the 
siZe of the current through pilot MOSFET 18. Ideally, this 
ratio should remain the same regardless of the siZe of Iout, 
in Which case the current through pilot MOSFET 18 accu 
rately mirrors the current through poWer MOSFET 10. 
A reference current (Iref) is supplied through a reference 

resistor 30, Which is substantially equal to resistor 26. A 
comparator 32 detects the difference betWeen the voltage 
drops across pilot resistor 26 and reference resistor 30, and 
When the voltage drops are equal comparator 32 delivers an 
output signal. 
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2 
Iref2 R30 represents Wasted energy (R30 representing the 

siZe of resistor 30), so it is desirable to increase the siZe of 
resistor 30 and reduce the siZe of Iref. For example, if R30 
is doubled, Iref can be reduced by one-half While obtaining 
the same voltage drop across resistor 30. This requires, 
hoWever, that the siZe of resistor 26 also be doubled, since 
R26zR30. Increasing the siZe of resistor 26 (R26) increases 
the nonlinearity of the circuit, since the ratio of the currents 
through poWer MOSFET 10 and pilot MOSFET 18 becomes 
less constant as resistor 26 becomes larger. The current 
through the pilot MOSFET 18 thus becomes a less accurate 
“mirror” of the current through poWer MOSFET 10. 

The circuit shoWn in FIG. 1 is discussed more fully in 
US. Pat. No. 5,867,014 to Wrathall et al., incorporated 
herein in its entirety. 

This nonlinearity can be overcome by connecting a ref 
erence MOSFET 34, equal in siZe to pilot MOSFET 18, in 
parallel With resistor 30 and by driving the gate of reference 
MOSFET 34 in common With the gates of poWer MOSFET 
10 and pilot MOSFET 18, as shoWn in FIG. 2. This 
arrangement provides an Iref that is equal to the current that 
would flow in the pilot circuit if resistor 26 Were not present 
and proportional to the current through the poWer MOSFET 
10. Thus the ratio of the current through poWer MOSFET 10 
to Iref is equal to the scaling factor (SF or m) and remains 
constant regardless of the siZe of the current through poWer 
MOSFET 10. This alloWs large resistors to be used for pilot 
resistor 26 and reference resistor 30 Without adversely 
affecting the linearity of the circuit. The circuit shoWn in 
FIG. 2 is explained more fully in US. Pat. No. 4,820,968 to 
Wrathall et al., incorporated herein in its entirety. 

Nonetheless, the limitations of transistor fabrication tech 
niques limit the siZe of the scaling factor (the ratio of the gate 
Widths of poWer MOSFET 10 and pilot MOSFET 18), and 
therefore the siZe of Iref may still be larger than Would be 
desirable to minimiZe energy losses. As is apparent from 
FIG. 2, Iref flows at all times, regardless of the state of 
poWer MOSFET 10. 
A solution to this problem is shoWn in FIG. 3, Which 

represents the teaching of the above-referenced US. Pat. 
No. 5,867,014. Four reference MOSFETs 62, 64, 66 and 68 
are connected in the reference circuitry. Each reference 
MOSFET is connected in parallel With a different reference 
resistor 70, 72, 74 and 76. The circuit is similar to the circuit 
of FIG. 2 except that four parallel MOSFET-resistor com 
binations similar to the parallel combination of MOSFET 
34-resistor 30 are connected in series. Each of MOSFETs 62, 
64, 66 and 68 has electrical characteristics substantially 
similar to those of pilot MOSFET 54. Thus, if the gate Width 
of pilot MOSFET 54 is related to the gate Width of poWer 
MOSFET 40 by the scaling factor SF=m, the gate Width of 
each of MOSFETs 62, 64, 66 and 68 is also related to gate 
Width of poWer MOSFET 40 by the factor In Each of 
reference resistors 70, 72, 74 and 76 has an impedance equal 
to the impedance of pilot resistor 58. The factor “n” repre 
sents the number of reference MOSFETs (i.e., in this case 

n=4). 
It can be shoWn that, in the embodiment of FIG. 3: 

Thus, for a given value of Iout, the siZe of Iref can be 
reduced by a factor of four in the circuit of FIG. 3 as 
compared With the circuit of FIG. 2. 
The circuit of FIG. 3 functions as a current detector but 

only When poWer MOSFET 40 is operating in its linear 
region. 
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Aprior art circuit for limiting the load current in the event 
of a short-circuit is shown in FIG. 4. The current through 
pilot MOSFET 82 is a predetermined percentage of the 
current through poWer MOSFET 80. When there is no load 
current Iout, ampli?er 88 biases MOSFET 90 off, and there 
is no current through the resistor Rset. When Iout increases 
as a result of a short in the load, the output of ampli?er 88 
controls MOSFET 90 so that MOSFET 90 gradually con 
ducts more current. As MOSFET 90 begins to conduct, the 
current replica voltage SET increases and is delivered to the 
(+) input terminal of the current limit ampli?er 86. When the 
voltage SET eXceeds an internal voltage Vref, the output of 
ampli?er 86 reduces the current through poWer MOSFET 80 
and MOSFET 82. Because the feedback loop in this circuit 
contains tWo ampli?ers, its response time to a short-circuit 
condition is rather sloW. Moreover, the circuit does not limit 
Iout When the drain voltages of MOSFETS 80 and 82 (i.e., 
Vout) fall beloW Vref (about 1.2 V). When this point is 
reached, further decreases in Vout do not change the output 
of ampli?er 86. Since the gate voltages of MOSFETs 80 and 
82 are therefore ?xed, the drain to source voltages of 
MOSFETs 80 and 82 diverge, alloWing Iout to increase. 

Yet another current-limiting circuit is taught in US. Pat. 
No. 5,541,799, but again it does not limit the transient 
current suf?ciently to protect the components of the circuit. 

Thus there exists a real need for a current limiting circuit 
that has a fast response time and that operates effectively 
When a short-circuit condition drives the poWer MOSFET 
outside of its linear region. 

SUMMARY OF THE INVENTION 

Acurrent-limited sWitch according to this invention com 
prises a poWer MOSFET, a pilot circuit, a reference circuit 
and a difference ampli?er. The pilot circuit is connected in 
parallel With the poWer MOSFET, and a pilot MOSFET and 
a pilot resistor are connected in the pilot circuit. The 
reference circuit comprises a current source and current 
mirror circuitry, the current mirror circuitry comprising at 
least ?rst and second parallel circuits, each parallel circuit 
comprising a current mirror MOSFET connected in parallel 
With a resistor. The ?rst and second parallel circuits are 
connected in series. 

The difference ampli?er has a ?rst input terminal coupled 
to a point in the pilot circuit, a second terminal coupled to 
a point in the reference circuit, and an output terminal 
coupled to a gate of the poWer MOSFET. 

Importantly, the current-limited sWitch comprises a cur 
rent mirror compensation circuit Which includes a ?rst 
bypass sWitch for forming a short around the ?rst parallel 
circuit When a voltage at a terminal of the poWer MOSFET 
reaches a ?rst level. Since Iout=m~n Iref, Where n repre 
sents the number of parallel circuits, shorting out one of the 
parallel circuits reduces Iout. This prevents the current 
through the poWer MOSFET from increasing linearly as the 
voltage at one of the terminals of the poWer MOSFET falls 
(or increases) as a result of a short-circuit. 

The current mirror compensation circuit may comprise a 
second bypass sWitch for forming a short around the second 
parallel circuit When the voltage at the terminal of the poWer 
MOSFET reaches a second level. Again this reduces the 
factor n and prevents Iout from increasing. The current 
mirror circuitry may contain more than tWo parallel circuits 
and the current mirror compensation circuit may contain 
more than tWo bypass sWitches. 

The current mirror compensation circuit may also contain 
a voltage divider circuit for controlling the bypass switches, 
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4 
a ?rst node of the voltage divider circuit being coupled to the 
?rst bypass sWitch and a second node of the voltage-divider 
circuit being coupled to the second bypass sWitch. 

In a preferred embodiment of this invention, a second 
MOSFET is used instead of a resistor in each of the parallel 
circuits. Furthermore, a second pilot MOSFET may be used 
instead of a resistor in the pilot circuit. AMOSFET takes up 
less area on the chip than a resistor. Moreover, unlike a 
resistor a MOSFET can be turned off, thereby alloWing 
poWer to be conserved When the current-limited sWitch is 
turned off. 

In another embodiment, a body control circuit is con 
nected to the poWer MOSFET to prevent a reverse current 
from ?oWing through the poWer MOSFET When it is turned 
off. This embodiment also enables a plurality of such poWer 
MOSFET sWitches to be connected to a single load. 

According to another aspect, this invention includes a 
method of limiting a current through a poWer MOSFET. The 
method comprises connecting a pilot circuit in parallel With 
the poWer MOSFET, a pilot MOSFET and a pilot resistor 
being included in the pilot circuit; forming a reference 
circuit comprising current mirror circuitry, the current mir 
ror circuitry comprising a series of parallel circuits, each 
parallel circuit comprising a current mirror MOSFET con 
nected in parallel With a resistor; providing a difference 
ampli?er; coupling a ?rst input terminal of the difference 
ampli?er to a point in the pilot circuit and a second input 
terminal of the difference ampli?er to a point in the reference 
circuit; coupling an output terminal of the difference ampli 
?er to a gate of the poWer MOSFET; and shorting out a ?rst 
one of the parallel circuits When a current through the poWer 
MOSFET reaches a ?rst level. 

In a preferred method, a second MOSFET is used instead 
of a resistor in each of the parallel circuits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention Will be best understood by reference to the 
folloWing draWings, in Which similar elements are identi?ed 
by like reference numerals. 

FIG. 1 is a schematic circuit diagram of a ?rst prior art 
current-detector circuit Wherein the reference circuit con 
tains a resistor. 

FIG. 2 is a schematic circuit diagram of a second prior art 
current-detector circuit Wherein the reference circuit con 
tains a MOSFET connected in parallel With a resistor. 

FIG. 3 is a schematic circuit diagram of a third prior art 
current-detector circuit Wherein the reference circuit con 
tains a series of parallel circuits, each parallel circuit con 
taining a MOSFET connected in parallel With a resistor. 

FIG. 4 is a schematic circuit diagram of a prior art 
current-limited sWitch containing tWo ampli?ers. 

FIG. 5 is a schematic circuit diagram of a ?rst embodi 
ment according to this invention containing a current mirror 
compensation circuit and Wherein each parallel circuit con 
tains a current mirror MOSFET in parallel With a resistor. 

FIGS. 6A and 6B are graphs of output current versus 
output voltage for current-limited sWitches. 

FIG. 7 is a schematic circuit diagram of a second, pre 
ferred embodiment according to this invention Wherein each 
parallel circuit contains a current mirror MOSFET and a 
second MOSFET. 

FIG. 8 is an alternative version of the embodiment shoWn 
in FIG. 7. 

FIG. 9 is a schematic circuit diagram of a difference 
ampli?er useful in the current-limited sWitch. 
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FIG. 10 is a schematic circuit diagram of a “crude” 
current-detection circuit that can be used to enable and 
disable a current-limited sWitch of this invention. 

FIG. 11 is a schematic circuit diagram of a third embodi 
ment according to the invention, Wherein a body control 
circuit is connected to the MOSFET sWitch to prevent a 
reverse current from ?oWing through the sWitch. 

FIG. 12 is a block diagram shoWing the connection of tWo 
poWer MOSFET sWitches connected to a single load in a 
multiple sWitching arrangement. 

DESCRIPTION OF THE INVENTION 

FIG. 5 shoWs a ?rst embodiment of a current-limited 
sWitch 100 according to the invention. SWitch 100 includes 
a poWer MOSFET 102 that is connected betWeen a supply 
voltage Vin and a load 104. PoWer MOSFET 102 supplies a 
voltage Vout to load 104. As Will be apparent, Vin very 
nearly equals Vout When poWer MOSFET 102 is turned on, 
assuming that the on-resistance of poWer MOSFET 102 is 
loW. As described above, current-limited sWitch 100 is 
designed to limit the current When a short-circuit occurs 
Within load 104 to protect the other components of load 104 
and any circuit elements that might be located upstream 
from sWitch 100. 

SWitch 100 includes a pilot circuit 106 that is connected 
in parallel With poWer MOSFET 102 and a reference circuit 
108 that is connected betWeen Vin and ground. Pilot circuit 
106 contains a pilot MOSFET 110 and a pilot resistor 112. 
As indicated, the gate Width of pilot MOSFET 110 is smaller 
than the gate Width of poWer MOSFET 102 by a factor In 
Therefore, the current through pilot circuit 106 is generally 
equal to 1/m times the current through poWer MOSFET 102, 
although as described above this is not exactly correct 
because of the presence of pilot resistor 112. As the current 
through pilot circuit 106 increases the voltage drop across 
pilot resistor 112 also increases and this creates a nonlin 
earity in the relationship betWeen the currents in poWer 
MOSFET 102 and pilot circuit 106. 

Reference circuit 108 contains a constant current source 
109 and current mirror circuitry 115. Current mirror circuitry 
115 contains a series of parallel circuits 116, each of Which 
contains a parallel combination of a current mirror MOSFET 
120 and a resistor 118. Each of current mirror MOSFETs 120 
has electrical characteristics similar to those of pilot MOS 
FET 110, and each of resistors 118 has an impedance 
identical to the impedance of pilot resistor 112. Nodes 128, 
130, 132, 134 and 136 represent the points betWeen parallel 
circuits 116. 

SWitch 100 also contains a difference ampli?er 114. The 
(—) input terminal (PILOT) of ampli?er 114 is connected to 
a node 124 betWeen pilot MOSFET 110 and pilot resistor 
112 in pilot circuit 106, and the (+) input terminal (Vref) of 
ampli?er 114 is connected to a node 122 at one end of 
current mirror circuitry 115 in reference circuit 108. When 
poWer MOSFET sWitch 102 is turned on, the output terminal 
of ampli?er 114 is connected to the gate terminal of poWer 
MOSFET 102. As described beloW, to conserve poWer, 
ampli?er 114 and the rest of the circuitry in current-limited 
sWitch 100 are disabled by a “crude” current-detection 
circuit 160 When the current through poWer MOSFET 102 is 
beloW a predetermined minimal threshold level (e.g., 
15—20% of the current limit). 
As described in US. Pat. No. 5,867,014, With this struc 

ture the current Iref in reference circuit 108 is related to the 
current Iout through load 104 as folloWs: 
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Where m is the ratio betWeen the siZe of pilot MOSFET 110 
and the siZe of poWer MOSFET 102 and n is the ratio 
betWeen the number of parallel circuits 116 and the number 
of pilot resistors 112. In this embodiment N=6. 

In operation, sWitch 100 contains a feedback loop Wherein 
the output of ampli?er 114 is used to control the gates of 
poWer MOSFET 102 and pilot MOSFET 110. For eXample, 
if there is a short-circuit in load 104 Vout decreases, increas 
ing the current through poWer MOSFET 102 and the much 
smaller current through pilot circuit 106. The 15 voltage 
(PILOT) at node 124 falls, increasing the difference betWeen 
Vref and the voltage (PILOT), and the output of ampli?er 
increases, biasing the gate of poWer MOSFET 102 so as to 
reduce Iout. The rise in the output voltage of ampli?er 114 
is also applied to the gate of pilot MOSFET 110, reducing 
the siZe of the current in pilot circuit 106. 

Current-limited sWitch 100 is turned off by disabling 
ampli?er 114 and disconnecting the gate of poWer MOSFET 
102 from the output terminal of ampli?er 114 and connect 
ing its gate to its source using a MOSFET or other sWitch 
(not shoWn). Ampli?er 114 can be disabled in the manner 
described beloW in connection With the current-detection 
circuit shoWn in FIG. 10. 

This arrangement Works Well so long as Vout is Within a 
threshold voltage of Vin. If Vout continues to decrease 
beyond Vin-Vt, Iout increases linearly. This is shoWn in 
FIG. 6A, Which is a graph of Iout versus Vout. Curve A 
shoWs Iout versus Vout When the number of parallel circuits 
116 (n) equals 6. Vout starts at about 5 V and, When a 
short-circuit occurs, Iout stabiliZes initially at a little over 
1.0 A (note that the direction of current through load 104 to 
ground is considered negative). At about 4.5 V, hoWever Iout 
starts to increase (in a negative direction) and it reaches 
about 1.6 A if there is a complete short across load 104 
(Vout=0). As described above, this increase in Iout from 1.0 
A to 1.6 A requires that the elements in load 104 (or other 
circuit elements upstream from sWitch 100) be designed 
more robustly than if Iout could be limited to 1.0 A. 

Returning to FIG. 5, in accordance With this invention, 
sWitch 100 includes a current mirror compensation circuit 
139. Circuit 139 includes a number of bypass sWitches in the 
form of MOSFETs 140, 142, 144 and 146 that are connected 
in parallel With parallel circuits 116. In this embodiment, 
MOSFET 140 is connected betWeen nodes 122 and 128, 
MOSFET 142 is connected betWeen nodes 122 and 130, 
MOSFET 144 is connected betWeen nodes 122 and 132, and 
MOSFET 146 is connected betWeen nodes 122 and 134. 

Current mirror compensation circuit also includes a volt 
age divider circuit 147, Which comprises serially connected 
MOSFETs 148, 150, 152 and 154. The drain and gate 
terminals of each of MOSFETs 148, 150, 152 and 154 are 
shorted together, and the body (substrate) of each MOSFET 
is connected to Vin. Thus the source-drain voltage across 
each of MOSFETs 148, 150, 152 and 154 is approximately 
equal to a threshold voltage drop. 
The gate terminal of MOSFET 140 is connected to the 

drain terminal of poWer MOSFET 102. Thus When Vout 
reaches a threshold drop beloW node 128, MOSFET 140 
turns on, shorting out the ?rst parallel circuit 116. Since the 
gate terminal of MOSFET 142 is a voltage drop above the 
gate terminal of MOSFET 140, MOSFET 142 turns on When 
Vout falls another threshold drop, shorting out the second 
parallel circuit 116. Similarly, MOSFETs 144 and 146 turn 
on in succession as Vout continues to fall. 
The net effect is illustrated in FIG. 6A. The family of 

curves A, B, C, D and E shoW Iout for values of n equal to 
6, 5, 4, 3 and 2, respectively. Shorting out parallel circuits 
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116 in succession has the effect of reducing n in stages from 
6 to 2. In effect, Iout “jumps” from one curve to the next as 
n is reduced. The curve labeled F shoWs the resultant 
compensated Iout as Vout falls from 5 V to 0 V. While there 
are some ripples in curve F, Iout remains constant Within a 
factor of 110% and in fact ends up at a level less than 1.0 
A When Vout equals 0 V. 

The graph of FIG. 6B shoWs a comparison of the com 
pensated current (curve F), the uncompensated current 
(curve A), and the ideal constant current (curve G) Where 
Iout=Iref-m~n. 

While all of the MOSFETs in sWitch 100 are P-channel, 
alternative embodiments (e.g., for use as loW-side sWitches) 
can be made With N-channel MOSFETs. 

The current mirror compensation circuit 139 shoWn in 
FIG. 5 can be constructed in numerous other Ways to 
sequentially turn on the bypass sWitches represented by 
MOSFETs 128, 130, 132, 134 and 136 so as to short out 
parallel circuits 116 in sequence, thereby reducing the value 
of “n”. For example, resistors might be used in place of 
MOSFETs 148, 150, 152 and 154. 

FIG. 7 shoWs another embodiment of the invention that is 
substantially superior to the embodiment of FIG. 5. In 
current-limited sWitch 200, a MOSFET 212 has been used 
instead of resistor 112 in pilot circuit 106, and a MOSFET 
218 has been used instead of resistor 118 in each of the 
parallel circuits 216. The gate terminals of MOSFETs 212 
and 218 are connected to the output terminal of difference 
ampli?er 114. MOSFETs 212 and 218 are fabricated such 
that their channel length is typically 2 or 3 times the channel 
(gate) Width. 

The use of MOSFETs instead of resistors greatly reduces 
the area required for the current-limited sWitch on an IC 
chip. Moreover, unlike resistors, MOSFETs can be turned 
off, thereby alloWing the pilot and reference circuits to be 
shut doWn completely When the poWer MOSFET 102 is 
turned off. Finally, resistors are very dif?cult to obtain unless 
the fabrication process provides a Well-matched high sheet 
rho resistor. Standard CMOS processes do not have this 
capability. 

FIG. 8 shoWs an improved version of current-limited 
sWitch 200 shoWn in FIG. 7. Current-limited sWitch 400 is 
similar to sWitch 200, except that current mirror compensa 
tion circuit 439 has been substituted for circuit 139. In 
circuit 439, and in particular the voltage divider portion 
thereof, the series of MOSFETs 148, 150, 152 and 154, has 
been replaced by three parallel circuits 460, 470 and 480. As 
shoWn, the node betWeen MOSFETs 462 and 464 is tied to 
the gate of bypass MOSFET 142; the node betWeen MOS 
FETS 474 and 476 is tied to the gate of bypass MOSFET 
144; and the node betWeen MOSFETs 486 and 488 is tied to 
the gate of bypass MOSFET 146. As in circuit 139, the gate 
of bypass MOSFET 140 is connected to the drain of poWer 
MOSFET 102. As Vout falls in a short-circuit condition, 
MOSFETs 140, 142, 144 and 146 are turned on in sequence, 
shorting out the parallel circuits 216 in sequence. 

The parallel arrangement of circuits 460, 470 and 480 
exhibits someWhat less impedance than the series arrange 
ment of MOSFETs 148, 150, 152 and 154, and thus less time 
is required to turn off the gates of MOSFETs 140, 142, 144 
and 146. 

FIG. 9 shoWs a schematic circuit diagram of one embodi 
ment of difference ampli?er 114 that can be designed to 
supply several milliamps of gate drive current to the gate of 
poWer MOSFET 102 during a short-circuit condition in load 
104. N-channel MOSFETs 316, 318 and 320 serve as current 
sources. 
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Ampli?er 1 14 is tWo-stage Class A ampli?er, With a 

differential pair consisting of N-channel MOSFETS 302 and 
304 driving an output stage Which includes a P-channel 
MOSFET 314. The gate terminals of MOSFETs 302 and 304 
are connected to PILOT and Vref respectively. Resistors 310 
and 312 are gain reducing resistors that help to ensure 
adequate stability. The gain of the differential pair 302, 304 
is the product of the transconductance gm of N-channel 
MOSFET 302 and the parallel combination of the three 
resistances involved: the drain to source resistance (rds) of 
MOSFETs 302 and 306 and the resistance of resistor 310, or 
gm(302)*rds(302)//rds(306)//R(310), Where “//” signi?es 
“in parallel With”, and R1//R2=(R1*R2)/(R1+R2) and R1// 
R2//R3=(R1*R2*R)/((R1*R2)+(R2*R3)+(R1*R3)). The 
gain of the output stage is the product of the transconduc 
tance gm of P-channel MOSFET 314 and the parallel 
combination of the drain to source resistances of MOSFETs 
314 and 320, or gm(314)*rds(314)//rds(320). 
As mentioned above, current-detection circuit 160 detects 

When the current through the poWer MOSFET 102 is beloW 
a “crude”threshold and, to conserve poWer, disables ampli 
?er 114 and the rest of the circuitry in current-limited sWitch. 
FIG. 10 shoWs a circuit that can be used for current 
detection circuit 160. MOSFET 600 is much smaller than 
poWer MOSFET 102 (for example, by a factor of 250,000). 
The current Ibias ?oWs through MOSFET 606 and is mir 
rored in MOSFETs 608, 610 and 612. MOSFET 602 steps 
doWns the voltage at the drain of MOSFET 600 by one 
threshold drop and MOSFET 604 steps the voltage up again 
by a threshold drop, so that the voltages at the respective 
drains of MOSFETs 600 and 102 are approximately equal. 
Thus the current through MOSFET 600 mirrors the current 
through poWer MOSFET 102 but at a much reduced level. 
The voltage at node 615 is determined by the relevant 

magnitudes of the currents through MOSFETs 600 and 610 
(e.g., if the current through MOSFET 600 is greater than the 
current through MOSFET 610, the voltage at node 615 Will 
increase). When the current through MOSFET 600 reaches 
a predetermined level, the voltage at node 615 causes 
Schmidt trigger 614 to deliver an output. The output of 
Schmidt trigger 614 is passed through inverter 616 and 
becomes the inverted ENABLE signal. The output of 
inverter 616 is passed through an inverter 618 and becomes 
the ENABLE signal. The ENABLE and inverted ENABLE 
signals are used to disable the difference ampli?er 114 When 
the current through MOSFET 600 is beloW the predeter 
mined level. Ampli?er 114 (FIG. 9)is disabled by turning off 
Ibias, grounding the gates of MOSFETs 316, 318 and 320, 
and tying the gate of MOSFET 314 to Vin. The ENABLE 
signal can then be used to control the gate of poWer 
MOSFET 102, and place it in an on condition, by grounding 
its gate. 

In some circumstances, a large reverse current may ?oW 
through a current-limiting sWitch of the kind described so 
far. For example, referring to sWitch 100 shoWn in FIG. 5, 
the input voltage VIN may collapse before the output 
voltage VOUT When sWitch 100 is turned off. This can 
happen, for example, if a relatively large ?lter capacitor is 
connected to the output terminal of the sWitch to suppress 
transient voltages. With VOUT greater than VIN, the drain 
to-body junction of poWer MOSFET 102 is forWard-biased, 
potentially alloWing a large surge of reverse current to How 
through the sWitch even though the channel is nonconduc 
tive. This current surge can damage MOSFET 102 by 
overheating it or by inducing a latch-up condition. 

Alternatively, if a plurality of current-limited sWitches are 
connected to a single load in a multiple sWitching 
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arrangement, one or more of the switches may become 
reverse-biased. For example, if one of the switches is turned 
on to supply the load from a AC adapter While another 
sWitch is turned off to disconnect the load from a discharged 
battery, the relatively high voltage from the AC adapter Will 
be fed through to the output terminal of the battery sWitch. 
This voltage could easily be higher than the voltage supplied 
by the discharged battery, and the poWer MOSFET sWitch 
used to control the battery supply could thus become 
reverse-biased. A common situation Where this can occur is 
in a laptop computer supplied alternatively from a poWer 
main or from an internal battery. 

FIG. 11 shoWs a circuit diagram of a current-limiting 
sWitch 700 Which avoids this problem. SWitch 700 is similar 
to current-limiting sWitch 200 shoWn in FIG. 7 except that 
a body control circuit 708 has been connected to poWer 
MOSFET 102. As a result, poWer MOSFET 102 does not 
contain a direct connection that shorts the source to the body 
of MOSFET 102. Instead, the body of MOSFET 102 is 
connected to the output terminal of body control circuit 708. 
Body control circuit 708 contains P-channel MOSFETs 704 
and 706. The drain of MOSFET 704 is connected to the 
source of MOSFET 102, and the drain of MOSFET 706 is 
connected to the drain of MOSFET 102. The drain terminals 
of MOSFETs 704 and 706 (each of Which is shorted to its 
body) are joined in common to the output terminal of body 
control circuit 708, Which, as described above, is connected 
to the body of MOSFET 102, referred to as the “body node”. 
The respective gates of MOSFETs 704 and 706 are cross 
coupled, i.e., the gate of MOSFET 704 is connected to the 
drain of MOSFET 102, and the gate of MOSFET 706 is 
connected to the source of MOSFET 102. (Note: Even 
though MOSFET 102 is a symmetrical device, for purposes 
of this discussion the terminal thereof that is connected to 
VIN Will be referred to as its source, and the terminal thereof 
that is connected to VOUT Will be referred to as its drain.) 
Body control circuit 708 operates to short the body of 

MOSFET 102 (i.e., the body node) to Whichever terminal 
(source or drain) of MOSFET 102 is biased more positively 
than the other. For example, if the drain voltage of MOSFET 
102 exceeds the source voltage of MOSFET 102 by more 
than one threshold voltage, MOSFET 706 turns on, shorting 
the body and drain of MOSFET 102, and MOSFET 704 
turns off, leaving a source-body diode in MOSFET 102. 
Since the source-body diode is reverse-biased, no current 
?oWs through MOSFET 102. This operation solves the 
problems described above Which occur When MOSFET 102 
is reverse-biased compared to its normal mode of operation. 

Conversely, in the normal mode of operation, the source 
of MOSFET 102 is biased more positively than the drain 
thereof by at least one threshold voltage, MOSFET 704 turns 
on, shorting the body and source of MOSFET 102, and 
MOSFET 706 turns off, leaving a drain-body diode in 
MOSFET 102. Since the drain-body diode is reverse-biased 
in this situation, the How of current through MOSFET 102 
is controlled by the gate thereof. 
As shoWn in FIG. 11, the body regions of all the other 

P-channel MOSFETs in sWitch 700 (including MOSFETs 
600, 602 and 604 in current-detection circuit 160) are also 
connected to the “body node” to prevent these MOSFETs 
from conducting a reverse current When VOUT is higher 
than VIN. 

It Will be understood that body control circuit 708 could 
also be connected to MOSFET 102 in current-limited sWitch 
100, shoWn in FIG. 5, and in current-limited sWitch 400, 
shoWn in FIG. 8. 

FIG. 12 is a block diagram shoWing hoW tWo current 
limited sWitches according to this invention can be used to 
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connect a single load alternatively to separate poWer sup 
plies. Current-limited sWitch 700 is connected to a ?rst 
poWer source (e.g., an AC adapter) Which supplies a ?rst 
input voltage VINI, and an identical current-limited sWitch 
700A is connected to a second poWer source (e. g., a battery) 
Which supplies a second input voltage VIN2. The respective 
output terminals of sWitches 700 and 700A are connected to 
a common node 710 and through node 710 to load 104. As 
described above, a body control circuit 708 Within each of 
sWitches 700 and 700A prevents a reverse current from 
?oWing through the sWitch in question When the voltage at 
node 710 is higher that the voltage (VIN1 or VIN2) at the 
input terminal of the sWitch. 
The foregoing embodiments are to be considered as 

illustrative and not limiting. Numerous alternative embodi 
ments Will be obvious to those skilled in the art. For 
example, While current-limited sWitches 100, 200, 400 and 
700 are high-side sWitches (i.e., connected on the positive 
voltage side of the load 104), a current-limited sWitch in 
accordance With this invention can be fabricated as a loW 
side sWitch, using, for example, N-channel MOSFETs. 

I claim: 
1. A current-limited sWitch comprising: 

a poWer MOSFET; 

a pilot circuit connected in parallel With the poWer 
MOSFET, a pilot MOSFET and a pilot resistor being 
connected in the pilot circuit; 

a reference circuit comprising a current source and current 
mirror circuitry, the current mirror circuitry comprising 
?rst and second parallel circuits, each parallel circuit 
comprising a current mirror MOSFET connected in 
parallel With a resistor, the ?rst and second parallel 
circuits being connected in series; 

a difference ampli?er having a ?rst input terminal coupled 
to a point in the pilot circuit and a second terminal 
coupled to a point in the reference circuit, and having 
an output terminal coupled to a gate of the poWer 
MOSFET; 

a current mirror compensation circuit comprising a ?rst 
bypass sWitch for forming a short around the ?rst 
parallel circuit When a voltage at a terminal of the 
poWer MOSFET reaches a ?rst level; and 

a body control circuit connected to the poWer MOSFET, 
the body control circuit operating to short the body of 
the poWer MOSFET to the source or the drain of the 
poWer MOSFET, depending on the relationship 
betWeen the respective voltages at the source and the 
drain of the poWer MOSFET. 

2. The current-limited sWitch of claim 1 Wherein the body 
control circuit comprises ?rst and second MOSFETs, the 
main current path of the ?rst MOSFET being connected 
betWeen the body and the source of the poWer MOSFET, the 
main current path of the second MOSFET being connected 
betWeen the body and the drain of the poWer MOSFET, a 
gate of the ?rst MOSFET being connected to the drain of the 
poWer MOSFET, a gate of the second MOSFET being 
connected to the source of the poWer MOSFET. 

3. The current-limited sWitch of claim 1 Wherein the 
current mirror compensation circuit comprises a second 
bypass sWitch for forming a short around the second parallel 
circuit When the voltage at the terminal of the poWer 
MOSFET reaches a second level. 

4. The current-limited sWitch of claim 2 Wherein the 
current mirror compensation circuit comprises a voltage 
divider circuit, a ?rst node of the voltage divider circuit 
being coupled to the ?rst bypass sWitch. 
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5. The current-lirnited switch of claim 3 wherein a second 
node of the voltage-divider circuit is coupled to the second 
bypass sWitch. 

6. The current-lirnited sWitch of claim 4 Wherein the 
voltage-divider circuit comprises a plurality of voltage 
divider MOSFETs connected in series, the second node 
being located at a point betWeen tWo of the voltage-divider 
MOSFETs. 

7. The current-lirnited sWitch of claim 5 Wherein a gate 
terminal and a drain terminal of each voltage-divider MOS 
FET are shorted together. 

8. The current-lirnited sWitch of claim 4 Wherein the 
voltage-divider circuit comprises a plurality circuit paths 
connected in parallel, the ?rst node being located in a ?rst 
one of the circuit paths and the second being located in a 
second one of the circuit paths. 

9. The current-lirnited sWitch of claim 7 Wherein the ?rst 
one of the circuit paths contains N voltage-divider MOS 
FETs and the second one of the circuit paths contains N+1 
voltage-divider MOSFETs. 

10. The current-lirnited sWitch of claim 8 Wherein a gate 
terminal and a drain terminal of each voltage-divider MOS 
FET are shorted together. 

11. The current-lirnited sWitch of claim 4 Wherein the 
output terminal of the difference arnpli?er is coupled to the 
gate terminal of the MOSFET in each parallel circuit. 

12. The current-lirnited sWitch of claim 10 Wherein the 
output terminal of the difference arnpli?er is coupled to a 
gate terminal of the pilot MOSFET. 

13. A current-lirnited sWitch comprising: 

a poWer MOSFET; 

a pilot circuit connected in parallel With the poWer 
MOSFET; a ?rst pilot MOSFET and a second pilot 
MOSFET being connected in the pilot circuit; 

a reference circuit comprising a current source and current 
mirror circuitry, the current mirror circuitry cornprising 
?rst and second parallel circuits, each parallel circuit 
comprising a ?rst current mirror MOSFET connected 
in parallel With a second MOSFET; the ?rst and second 
parallel circuits being connected in series; 

a difference arnpli?er having a ?rst input terminal coupled 
to a point in the pilot circuit and a second terminal 
coupled to a point in the reference circuit, and having 
an output terminal coupled to a gate of the poWer 
MOSFET; 

a current mirror cornpensation circuit comprising a ?rst 
bypass sWitch for forming a short around the ?rst 
parallel circuit When a voltage at a terminal of the 
poWer MOSFET reaches a ?rst level; and 

a body control circuit connected to the poWer MOSFET; 
the body control circuit operating to short the body of 
the poWer MOSFET to the source or the drain of the 
poWer MOSFET; depending of the relationship 
betWeen the respective voltages at the source and the 
drain of the poWer MOSFET. 

14. The current-lirnited sWitch of claim 13 Wherein the 
body control circuit comprises ?rst and second MOSFETs, 
the main current path of the ?rst MOSFET being connected 
betWeen the body and the source of the poWer MOSFET; the 
main current path of the second MOSFET being connected 
betWeen the body and the drain of the poWer MOSFET; a 
gate of the ?rst MOSFET being connected to the drain of the 
poWer MOSFET; a gate of the second MOSFET being 
connected to the source of the poWer MOSFET. 

15. The current-lirnited sWitch of claim 13 Wherein the 
current mirror cornpensation circuit comprises a second 
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bypass sWitch for forming a short around the second parallel 
circuit When the voltage at the terminal of the poWer 
MOSFET reaches a second level. 

16. The current-lirnited sWitch of claim 15 Wherein the 
current mirror cornpensation circuit comprises a voltage 
divider circuit, a ?rst node of the voltage divider ladder 
being coupled to the ?rst bypass sWitch. 

17. The current-lirnited sWitch of claim 16 Wherein a 
second node of the voltage-divider circuit is coupled to the 
second bypass sWitch. 

18. A current-lirnited sWitch comprising: 

a poWer MOSFET; 

a pilot circuit connected in parallel With the poWer 
MOSFET; a ?rst pilot MOSFET and a second pilot 
MOSFET being connected in the pilot circuit; 

a reference circuit comprising a current source and current 
mirror circuitry, the current mirror circuitry cornprising 
?rst and second parallel circuits, each parallel circuit 
comprising a ?rst current mirror MOSFET connected 
in parallel With a second MOSFET; the ?rst and second 
parallel circuits being connected in series; 

a difference arnpli?er having a ?rst input terminal coupled 
to a point in the pilot circuit and a second terminal 
coupled to a point in the reference circuit, and having 
an output terminal coupled to a gate of the poWer 
MOSFET; and 

a current mirror cornpensation circuit comprising: 
a ?rst bypass sWitch for forming a short around the ?rst 

parallel circuit When a voltage at a terminal of the 
poWer MOSFET reaches a ?rst level; 

a second bypass sWitch for forming a short around the 
second parallel circuit When the voltage at the ter 
rninal of the poWer MOSFET reaches a second level; 
and 

a voltage-divider circuit, a ?rst node of the voltage 
divider circuit being coupled to the ?rst bypass 
sWitch, a second node of the voltage divider circuit 
being coupled to the second bypass sWitch, Wherein 
the voltage-divider circuit comprises a plurality of 
voltage-divider MOSFETs connected in series, the 
second node being located at a point betWeen tWo of 
the voltage-divider MOSFETs; and 

a body control circuit connected to the poWer MOSFET; 
the body control circuit operating to short the body of 
the poWer MOSFET to the source or the drain of the 
poWer MOSFET; depending on the relationship 
betWeen the respective voltages at the source and the 
drain of the poWer MOSFET. 

19. The current-lirnited sWitch of claim 18 Wherein a gate 
terminal and a drain terminal of each voltage-divider MOS 
FET are shorted together. 

20. The current-lirnited sWitch of claim 19 Wherein the 
voltage-divider circuit comprises a plurality circuit paths 
connected in parallel, the ?rst node being located in a ?rst 
one of the circuit paths and the second being located in a 
second one of the circuit paths. 

21. The current-lirnited sWitch of claim 20 Wherein the 
?rst one of the circuit paths contains N voltage-divider 
MOSFETs and the second one of the circuit paths contains 
N+1 voltage-divider MOSFETs. 

22. The current-lirnited sWitch of claim 21 Wherein a gate 
terminal and a drain terminal of each voltage-divider MOS 
FET are shorted together. 

23. The current-lirnited sWitch of claim 22 Wherein the 
output terminal of the difference arnpli?er is coupled to the 
gate terminal of the MOSFET in each parallel circuit. 
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24. The current-limited switch of claim 23 wherein the 
output terminal of the difference ampli?er is coupled to a 
gate terminal of the ?rst pilot MOSFET. 

25. A method of limiting a current through a poWer 
MOSFET comprising: 

connecting a pilot circuit in parallel With the poWer 
MOSFET, a pilot MOSFET and a pilot resistor being 
included in the pilot circuit; 

forming a reference circuit comprising current mirror 
circuitry, the current mirror circuitry comprising a 
series of parallel circuits, each parallel circuit compris 
ing a current mirror MOSFET connected in parallel 
With a resistor; 

providing a difference ampli?er; 
coupling a ?rst input terminal of the difference ampli?er 

to a point in the pilot circuit and a second input terminal 
of the difference ampli?er to a point in the reference 
circuit; 

coupling an output terminal of the difference ampli?er to 
a gate of the poWer MOSFET; 

shorting out a ?rst one of the parallel circuits When a 
current through the poWer MOSFET reaches a ?rst 
level; and 

shorting a body of the poWer MOSFET to either a source 
or a drain of the poWer MOSFET, depending on the 
relationship betWeen a voltage at the source of the 
poWer MOSFET and a voltage at the drain of the poWer 
MOSFET, such that a body diode Within the poWer 
MOSFET is not forWard-biased. 

26. The method of claim 25 comprising shorting out a 
second one of the parallel circuits When the current through 
the poWer MOSFET reaches a second level. 
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27. A method of limiting a current through a poWer 

MOSFET comprising: 
connecting a pilot circuit in parallel With the poWer 
MOSFET, a pilot MOSFET being included in the pilot 
circuit; 

forming a reference circuit, the reference circuit compris 
ing current mirror circuitry, the current mirror circuitry 
comprising a series of parallel circuits, each parallel 
circuit comprising a current mirror MOSFET con 
nected in parallel With a second MOSFET; 

providing a difference ampli?er; 
coupling a ?rst input terminal of the difference ampli?er 

to a point in the pilot circuit and a second input terminal 
of the difference ampli?er to a point in the reference 
circuit; 

coupling an output terminal of the difference ampli?er to 
a gate of the poWer MOSFET; 

shorting out a ?rst one of the parallel circuits When a 
current through the poWer MOSFET reaches a ?rst 

level; 
shorting a body of the poWer MOSFET to either a source 

or a drain of the poWer MOSFET, depending on the 
relationship betWeen a voltage at the source of the 
poWer MOSFET and a voltage at the drain of the poWer 
MOSFET, such that a body diode Within the poWer 
MOSFET is not forWard-biased. 

28. The method of claim 27 comprising shorting out a 
second one of the parallel circuits When the current through 
the poWer MOSFET reaches a second level. 

* * * * * 


